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Introduction
The causes of vegetation changes are often to be evaluated without precise data on the changes in the environment. In many permanent quadrat studies, there are detailed records of past and present species compositions, limited information on the present environment, but no information on the past environment. We present a case study to show which statistical analyses may assist in interpreting vegetation change. In this study, we use data from only two sampling dates but the analyses can be generalized to longer series.
Lowering of the phreatic water table, due to water extraction and drainage, is a common phenomenon in western Europe. It is one of the major threats to the survival of rare plant species especially in wet, oligotrophic and mesotrophic grasslands (Westhoff 1979 Lowering of the water table can cause a shortage of water for certain species. It can also affect the storage and flow pattern of groundwater. Mineral-rich groundwater in the topsoil can be replaced by more acid rainwater ( van Wirdum 1979 Grootjans et al. 1991) . In wet soils, it also may often cause changes in physicochemical processes such as aeration and related redoxprocesses. Enhanced mineralization, leaching and ultimately acidification may result (van Wirdum 1982; Grootjans et al. 1986; Kemmers 1986 ). Soil acidification can also be induced by air pollution with NHX, NOX and SOx (Schachtschabel et al. 1989, p.115 ).
The present study was undertaken in order to evaluate the changes during the last decade in the vegetation of a Junco-Molinion grassland influenced by groundwater extraction and by acid deposition. Ideally, we would like to identify which part of the vegetational change is due to water extraction and which part to acidification. However, for an observational study in which the relevant variables are correlated, this objective cannot be reached. Therefore, we aim more modestly at assessing their joint effect on the vegetation by evaluating the changes in plant species composition on the basis of releves of 20 plots in both 1977 and 1988. We attempt to interpret the changes in terms of changes in groundwater table and acidity by using Ellenberg's (1979) indicator values for the participating species and by exploiting data on the present (1988) spatial variation in water depth and acidity across the reserve. Univariate analyses of each species' abundance separately and of the mean Ellenberg indicator values are supplemented with multivariate analyses, which serve five purposes: (1) to yield a single, overall statistical test of the significance of change in species composition between 1977 and 1988; (2) to test whether the change was constant across the site against the alternative hypothesis that the change depends on water depth and to display this dependence if present; (3) to display jointly the spatial and temporal variation in the species data; (4) to interpret this variation in terms of changes in water depth and pH and (5) to decompose the total variation into components as in an analysis of variance (Borcard et al. 1992 ). We take the opportunity to explain carefully the multivariate approach and to compare it with the univariate one.
Material and Methods

Study area
The study area is located on the Pleistocene cover sands in the eastern part of the Netherlands (52? 0' N, 6? 31' E). It is a moist oligotrophic grassland of 1 ha and it is part of a small nature reserve of 6 ha, surrounded by farmland. According to aerial photographs it has been hayfields at least since 1934. In 1964 it became a nature reserve and since then it has never been fertilized. Both & van Wirdum (1981) described the history of the area with emphasis on the hydrology and its effect on the vegetation since the end of the last century. In about 1870 the site of the reserve was in a transition zone between vast, extensively grazed heathlands and small meadows along brooklets. Between 1870 and 1930 the heathlands were reclaimed into meadows. Drainage and fertilizing in adjacent areas have intensified since then, with a peak between 1950-1975. Acid deposition has substantially increased during the last few decades especially by NHx-losses from excessive manuring up to more than 5200 mol H+/ha/year (Buijsman et al. 1990 . We focus on the results of the redundancy analyses because these directly address the particular questions at hand and thus give more convincing answers than the corresponding indirect gradient analyses (Principal Components Analysis followed by an interpretation by regression analysis). We used the following nominal explanatory variables (with classes between brackets): year (1977, 1988 
Results
Floristic changes with time: univariate analysis
According to the Wilcoxon signed-ranktest, 27 species decreased and only five increased in abundance (Table  1) 
Changes with time of mean indicator value: univariate analysis
The differences between the mean indicator value (Table 2) Fig. 2 (39 vs 24 degrees of  freedom) . The pattern in the PCA site ordination is well summarized by the reduced RDA model. Apparently, the spatial variation in the vegetation change is most prominent among strips. Fig. 2 shows a spatial trend from the lower part of the terrain (strip A) to the higher part (strip E). The trend is related to pH and water depth in 1988 as judged by their biplot arrows (which are added passively) and the high correlations (Irl >0.9) between the 1988-scores on both axes and both pH and water depth. The temporal change is mainly in the direction 'south-west' to 'north-east' in Fig. 2 . The amount of temporal change is largest in strip A and decreases when going to strip E, perhaps indicating a Fig. 2 on the spatial gradient, say the arrow for water depth in 1988, shows which species are more abundant in the drier part of the terrain (strip E) and which are more abundant in the wetter part (strip A). A similar projection on the time direction shows that most species displayed in Fig. 2 decrease with time. This can be done for each strip separately. For example, projection of the species points and the origin onto the line A77 -A88, shows that all species (except 4) fall on the 1977-side of the projection point of the origin. In Fig. 2 only those species are displayed of which the first two RDA dimensions, i.e. the figure, explain at least 50 % of the variance of the species abundance (Table 1) .
Floristic changes with time: multivariate analysis
Fig. 2 displays only 51% of the variance in the fitted species abundance values in the model 'plot + year + strip-year' (given in CANOCO under the name of percentage variance of the species-environment relation). When looking in detail at the changes with time, it is therefore wise to focus the ordination on year by eliminating the trends in space (differences among plots).
This also allows assessment of the statistical significance of the change with time. The overall statistical test on the change in species composition between 1977 and 1988 (RDA with model 'year' and covariable 'plot') indicated a significant change (P < 0.01). To test whether the change was constant against the alternative hypothesis that it depended on water depth, an RDA was carried out with model 'water depth year' and with 'plot' and 'year' as covariables. The Monte Carlo test indicated a significant dependence (P < 0.01). The interaction effect of 'strip.year' was also significant (P -0.01; covariables 'plot' and 'year').
The change with time and its dependence on strip (using 'strip' as proxy for water depth) is visualized in Fig. 3. The diagram (i.e. the first two axes) (Table 3) . About 40 % of the spatial variation can be accounted for by pH and water depth (we did not attempt to subdivide this fraction further because of the high correlation (-0.86) between pH and water depth). The interaction strip-year takes 32 % of the full space-time interaction.
Because sums of squares tend to increase with the associated number of degrees of freedom, the importance of a component is often better judged on the basis of its mean square. The mean squares in Table 3 (Table 1) . For visual clarity, only the year-scores for strip A and strip E are connected. The diagram accounts for 50% and 85% of the residual variance (i.e. after fitting 'plot') of the species data and fitted species data, respectively. The first four eigenvalues are 0.167, 0.036,0.015 and 0.013. For full species names see Table 1 .
of the sum of squares associated with time given in Table 3 . With Awater depth = 0, the inferred pH change is -0.30 unit (with fit and eigenvalues close to those of the analysis with water depth). Joint estimation of the change based on an RDA with model year + pH + water depth (Table 4) resulted, however, in unrealistic estimates: -0.56 m for water depth whereas a positive value is expected and an acidification of 1.3 unit, presumably because of the high correlation between pH and water depth. Further joint analysis was therefore restricted to the first axis of this analysis (which closely resembles the first axis of Fig. 2) . For a given change in water depth, the change in pH is estimated by the formula (see App. 1): Grootjans et al. (1986) .
The simple change model (1) forces a particular interpretation on the vegetation change with time, namely that the change is caused by an overall change in pH and water depth. Due to the correlation (perhaps causal) between pH and water depth, the model cannot distinguish between 'drying' and acidification and no realistic Our study area is one of the areas in the Netherlands whose hydrology is studied most intensively. Nevertheless, this case study is presented as one in which precise data on the changes in the environment are lacking. A first reason for this paradox is that, as in many other affected nature reserves, nearby piezometers were only installed after drainage or pumping started. Therefore hydrological models were utilized to determine the extent of the drop. A second reason is that we believe that this vegetation does not react to instantaneous fluctuations in the water table, but only to its long-term pattern, in particular, as far as the pattern reflects moisture deficit. The third and fourth reasons are the variability that is inherent in hydrological measurements and the lack of spatial resolution which together preclude more detailed data on the change. For these reasons we used mean summer water depth and a simple extrapolation thereof across the field. This approach appeared to be successful.
We analysed the floristic changes by both univariate and multivariate methods. The multivariate method is attractive in that it provides an overall significance test of vegetation change. The multivariate approach thus avoids the problem of multiple testing in the univariate analyses. (The problem of multiple testing entails that, if none of the species changed in expected abundance, the observed change of approximately 5% of the species will nevertheless erroneously be judged significant.) Once the overall change is demonstrated to be significant, the detailed non-parametric tests per species in the univariate approach help to single out which species changed. The univariate statistics available with RDA are less attractive: percentage fit per species (standard output in CANOCO 3.1) and the approximate t-tests through the t-value biplot (ter Braak 1990a). The percentage fit is an easy criterion for deciding which species will be displayed in the ordination diagram. In Table 1 we compare the fit per species in the ordinations with the results of the Wilcoxon test. There is a good resemblance between the Wilcoxon test results and the fit in the ordination that focuses on change with time (Fig. 3) . Because the Wilcoxon tests are more decisive for change with time, we used a species' significance as a criterion for its inclusion in Fig. 3 . This explains why Cerastium fontanum and Trifolium pratense are displayed in Fig. 3 . Fig. 2 includes three species that are not present in Fig.  3 ; Danthonia decumbens, Hieracium laevigatum and Potentilla erecta all show a marked spatial trend but did not change systematically with time (Table 1) .
The number of permutations to be carried out in a Monte Carlo test deserves attention. If at least 19 permutations are carried out for a test at the 5% significance level, the test is exact in the sense that when applied to different data sets, the null hypothesis, when true, is rejected falsely in precisely 5% of the cases. This concept of significance extends the conventional one in which the significance level applies to each particular data set. If closeness to the conventional significance level is important, at least 999 permutations are needed (see Manly 1990 ). But why not accept the broader concept of significance? Even for very low P, it is not sure whether the null hypothesis is true or false for any particular data set anyway! If the concept of a Monte Carlo significance level is accepted, the incentive for carrying out more permutations is then to increase the power of the test. This increase comes at the cost of computer time. One might argue that this time is insignificant compared to the time involved with field work, data checking and report writing. However, for large data sets it may become prohibitive to do 999 permutations. Also the law of diminishing returns applies. Besag & Diggle (1977) suggested that 99 permutations would be a good compromise. Jockel (1986) derived a generally applicable formula for the power of the Monte Carlo test on which Jockel (1991) based the following rule of thumb: at least 199 permutations should be carried out to obtain at least 85% of the power of the test that uses infinitely many permutations. With the relatively small data set we analyzed in this paper, CANOCO could carry out 999 permutations on a 486-machine within a few minutes. Following Jockel (1991), we suggest that for larger data sets a reasonable default number is 199.
The validity of the Monte Carlo tests depends critically upon the way the permutations are carried out. Data that are statistically dependent should not be permuted. This principle led in our application to ways of permuting that differed among tests: random interchanges within plots for tests that involved time and a specialized (constrained) type of permutation for the test that involved space. The latter test can also serve as a test of spatial trend that takes account of autocorrelation of residuals. If trend is not of interest but the pure environmental effect is, the geographical coordinates can be used as covariables in the test of the environmental effect (Borcard et al. 1992) .
The multivariate approach stimulated us to look at the spatial variation in the change, hence the test on the strip.year interaction and ordination diagrams showing this variation. It seems impractical to do this for each species or to calculate for each species an analysis of variance or analysis of deviance (Anon. 1987) analogous to Table 3 . But, separate detailed analyses for the most interesting species may be worthwhile and go beyond simple linear models (Yee & Mitchell 1991) . In ordination diagrams the similarity in response among species stands out. In the univariate analysis such similarity must be searched for in the numeric output per species. On the other hand, ordination diagrams often present only a part of the full information, are easily overcrowded and require skill for their correct interpretation. These limitations can be alleviated by presenting partial ordinations that focus on particular aspects (Fig.  3) , by careful selection of the species for display and by training, respectively. Yet, at several points in the analysis we checked conclusions derived from the ordination diagrams against the mapped data per species.
It may be useful to perform multivariate methods directly on the output of the univariate analyses for a series of species rather than on the raw data. 
